Abstract The links between climate change and tropical cyclone behavior are frequently studied but still uncertain. This uncertainty makes planning for climate change a difficult task. Here we focus on one area of climate-related risk: the impact of tropical cyclones on United States power systems, and we evaluate this risk through the simulation of impacts to the power system under 12 plausible scenarios in which climate change may affect tropical cyclone intensity, frequency, and location. We use a sensitivity analysis based approached grounded in the literature rather than directly simulating from specific GCM output due to the high degree of uncertainty in both the climate models and the climate-hurricane relationship. We show how changes in tropical cyclone activity influence extreme wind speeds, probability of power outages, and the proportion of people without power. While climate change and its impacts are often discussed globally, this work provides information at a much more local scale. The sensitivity of an individual area can be assessed, and the information presented here can be incorporated into planning and mitigation strategies for power systems faced with an uncertain future in a changing climate.
are one of the biggest concerns for affected communities; a lack of power can result in business interruptions, healthcare stresses, and cascading effects for dependent infrastructure systems, such as telecommunication or water networks (Zimmerman and Restrepo 2009) . While there have been strong developments in power-outage prediction models that have proven useful for local utility companies (Liu et al. 2005 (Liu et al. , 2007 Nateghi et al. 2011; Winkler et al. 2010; Han et al. 2009a, b) , the focus has been on outage-forecasting in the days before a storm and not on long-term changes in risk. There is a need for infrastructure providers and emergency managers to plan for hurricanes on much longer time scales, i.e., on the order of decades. This planning must consider how future climate conditions may influence storm behavior.
The relationship between tropical cyclone hazard and climate change has been studied extensively, but there is still a great deal of uncertainty involved (Emanuel et al. 2008; Henderson-Sellers et al. 1998 , Knutson et al. 2010 , 2008a , Mann and Emanuel 2006 , Mendelsohn et al. 2012 , Pielke Jr et al. 2005 , Yonetani and Gordon 2001 , Mudd et al. 2014 . For example, the physics-based models developed by Knutson et al. suggest that the frequency of Atlantic hurricanes and tropical storms will likely be reduced in the future (Knutson et al. 2008b) . Results obtained by downscaling IPCC AR4 simulations also suggest a reduction in the global frequency of hurricanes in a warmer future climate scenario, with a potential increase in intensity in some locations (Emanuel et al. 2008 ). Statistical models argue that the intensity and frequency of TCs will likely increase in a warmer future (Emanuel 2005; Saunders and Lea 2008) . These examples from the literature highlight the deep uncertainty remaining; the direction of change (e.g., more storms vs. fewer storms) and, to a greater extent, the magnitudes of change remain uncertain.
Because many traditional risk and decision analysis methods struggle under such deep uncertainty, more robust planning tools are needed in this area (Ranger et al. 2013) . One promising approach is to focus on actions that perform well under a range of scenarios that are within the realm of physical possibility as supported by the research literature. These scenarios can be modified over time as conditions change and new information comes to light (Walker et al. 2013 ). Long-term planning for major infrastructure projects, such as updates to the electric grid, can leverage scenarios to assess the robustness of possible actions rather than as a basis for determining an optimal solution by assigning fixed probabilities to the scenarios. A key component of this is the ability to estimate the performance of infrastructure systems under future climate scenarios in a way that builds upon accurate models of system behavior and offers both broad-area insight and locally detailed performance estimates. This paper offers insight into one aspect of this long-term planning problem for areas along the Gulf and Atlantic coasts of the United States. It focuses on what tropical cyclone impacts might look like if climate change causes changes in storm behavior. We assess impacts for a wide range of future storm scenarios, including the status quo if the climate remains stable and tropical cyclone seasons remain within the observed historic variability. Here, the term 'scenario' is used to represent potential realizations of climate-induced changes to tropical cyclone behavior in the North Atlantic basin. Using a simulation informed by the historical hurricane record, we compare baseline impacts to the outcomes under various scenarios for 23 states lying along the U.S. Gulf and Atlantic coasts. We create plausible scenarios of future tropical cyclone behavior based on the literature on the relationship between climate change and hurricanes. This literature offers a wide range of possible realizations. Regarding changes in intensity, for example, the general consensus is that storms will strengthen, although the degree of change varies (Knutson et al. 2010; Pielke 2007) . There is less consensus on changes in storm frequency, with the literature showing both increases and decreases (Knutson et al. 2008a; Webster et al. 2005) . We vary storm intensity, storm frequency, and the distribution of landfall locations. For each scenario, the simulation results represent tropical cyclone impacts to the United States in terms of wind-induced power outages. The analysis is done at the census-tract level, resulting in localized projections of extreme wind speeds, the fraction of customers without power, and probabilities of power outages. In a field where much of the focus is global in scale, we provide more localized information for decision-makers that can aid in long-term planning for their specific area of concern.
The sensitivity to changes in tropical cyclone hazards can vary greatly among regions. This paper provides insight into how power systems along the Gulf and Atlantic coasts of the United States may be affected by climate changes, which areas should be most concerned, and which areas are unlikely to see substantial changes under any tested scenario. The range of potential impact is a key component of informed planning models, since potential actions can be tested across this range to ensure robust and sustainable solutions.
2 Climate change and tropical cyclone activity Depending on the model used, the projected climate change impact on North Atlantic tropical cyclones can vary significantly. Several studies suggest that the frequency of storms may decrease in the North Atlantic Basin, but the intensity may increase, perhaps substantially (Mendelsohn et al. 2012) . There is also concern that storm genesis location and track movement will be influenced by climate change, but there is not enough information to assess the nature of this impact with a reasonable degree of spatial precision (Dailey et al. 2009 ). There is potential for substantial changes in tropical cyclone hazard, but there also remains substantial unresolved uncertainty. Under such conditions, knowing the range of reasonable possible outcomes at a local level can result in more robust planning decisions. Scenariodriven planning can help local communities understand if they are particularly sensitive to climate-induced changes in tropical cyclone hazards or if they are in a relatively insensitive area. Plans can then be designed to perform adequately across this range of impacts, instead of optimizing for a single future or a small set of futures driven by highly uncertain insights into the climate-tropical cyclone relationship (Walker et al. 2013) .
We develop a range of plausible tropical cyclone scenarios and assess the impacts of these scenarios in terms of electric power outages and extreme wind speeds in the U.S. We simulate a large number of replicated tropical cyclone seasons in the United States for 12 plausible tropical cyclone scenarios. A replicated tropical cyclone season represents one virtual year of tropical cyclone activity, in which the number of storms can vary from replication to replication. Virtual storms are independently generated and the resulting impacts are modeled through a power outage estimation model that was developed using the data of Han et al. (2009a, b) and Nateghi et al. (2013) .
We chose the scenario-based approach largely due to the high degree of uncertainty in future climate projections and the resulting impact on hurricanes. This approach gives great insight into the range of possible consequences and what different regions of the country may need to prepare for. The sensitivity analysis conducted here allows us to study which factors drive changes in impacts, how these impacts may vary over location, and which areas might be more or less sensitive to potential changes.
Catastrophe modeling is prevalent in industry, and it often focuses on financial losses for insurance companies. Companies such as AIR, RMS, and EQECAT all have their own versions of hurricane risk models for the U.S. Model details are not available publicly, but some models do attempt to characterize future risks as the climate changes. AIR, for example, has a version of their model that is conditioned on warm sea-surface temperatures (AIR Worldwide 2012). RMS uses their model to assess short-term climate threats in the Risky Business report, but publicly available details are limited and the results focus only on changes in financial loss (Risky Business Project June 2014). Validation is done on losses from past storms, so their ability to validate under climate change conditions is limited (Risk Management Solutions 2012). Our scenario-based approach focuses more on long-term future outcomes that deviate from the historical record, so there is no longer an applicable validation dataset to be used.
Simulation methodology
The simulation uses historical hurricane and tropical storm data. The baseline runs take the historical data as input, and the alternative scenarios alter parameters from the historical data to simulate plausible climate-induced changes to storm behavior. For each replication in the baseline case, we first sample from a Poisson distribution, with a mean equal to the historical mean, to determine the number of storms making landfall in that replicated year. For each storm, we randomly sample a landfall location from a smoothed distribution that assigns a probability to each 50 km stretch of coastline from Texas through Maine on the basis of the historic landfall counts in each of the 50 km coastal segments. We randomly sample a maximum wind speed at landfall from the historical record. Based on which section of the coastline the storm hits, we subset the historical tracks, keeping only those that made landfall in the same region. These tracks are then used to train a random forest model, which is a statistical model used to predict the storm's movement in each six-hour time step. For each time step, the wind speed decays according to the hurricane decay models of Kaplan and Demaria (Kaplan and Demaria 1995) until the wind speeds fall below the tropical cyclone classification level. This relatively simple model was chosen because it uses wind speed as input (instead of pressure) and does not require a priori knowledge of storm size or movement. With the storm track and intensity determined, these parameters are fed into a wind field model based on the methods of Willoughby et al. and Holland to calculate the storm radius and wind distribution (Willoughby et al. 2006; Holland 2008) . This model generates estimates for the maximum 3-second gust wind speed and the duration of wind speeds above 20 m/s for the centroid of each census tract (Huang et al. 2001; Han et al. 2009a, b) . This wind data is then passed to a statistical outage prediction model, which uses a random forest model that has been trained on past hurricanes in different areas of the U.S. (Nateghi et al. 2013; Guikema et al. 2014) . The outage prediction model is a simplified version of the work of Nateghi et al.(2013) in that it uses only publicly available data and a reduced set of variables to estimate the number of customers without power as a result of a hurricane.
Using the baseline case as a point of comparison, we also simulate different climateinduced storm scenarios to examine the influence of climate-induced changes in tropical cyclone behavior in the North Atlantic Basin. The scenarios represent changes in intensity, frequency, and location. We vary intensity by taking the randomly sampled maximum wind speed for each storm and multiplying it by a factor. We simulate scenarios for intensity factors of 0.8, 1.2, and 1.4, meaning a decrease in strength of 20 %, an increase of 20 %, and an increase of 40 %. These intensity changes are based on bounding the estimates of intensity changes in the climate literature. For scenarios of frequency, we adjust the mean of the Poisson distribution that is used to sample the number of storms in each replicated year. The baseline case has a mean of 2, and we simulate scenarios for means of 0.5, 1, 3, and 4, again based on bounding the frequency change estimates that we found in the climate literature.
The location scenarios are more subjective, and there is even more uncertainty about track changes than about frequency and intensity changes. We adjust the probability distributions while still retaining the general shape of the spatial probability distribution of landfall locations because it is based on actual geographical characteristics. For example, some land areas are more prone to hurricanes because they jut out into the path of oncoming storms. We created four modified distributions to assess the changing impacts as storm location changes. The first scenario shifts storms further up along the mid-Atlantic coast, the second shifts them further down into the Gulf of Mexico, the third spreads the distribution out more evenly to reduce the natural peak around Florida, and the fourth concentrates the peak around Florida, thereby reducing the probabilities in the Gulf and in the Northeast. All scenarios maintain the original shape of the smoothed distribution.
For each scenario, we ran the simulation for 1600 replications in order to reach convergence. The aggregated results from 1600 simulated 'years' of tropical cyclone activity allow us to calculate expected return periods for the output values. We calculate the 100-year, 50-year, 25-year, and 4-year, and 2-year return periods for maximum wind speed, duration of winds above 20 m/s, and the fraction (and number) of customers without power for each census tract. We also calculate the probability of each census tract having at least 10 % of customers without power in a given year. The aggregated results allow for many such calculations, but we chose these parameters to portray the potential climate change impacts on both a large and small spatial scale.
Results
The simulation results show the impact under both the status quo of the baseline case and the climate-change induced scenarios that were evaluated. The scenarios demonstrate the sensitivity of various areas of the country to potential changes in tropical cyclone behavior, and the results can be evaluated on a local level.
Baseline impact
For an initial baseline, we simulate tropical cyclone impact assuming that the frequency, intensities, and locations of tropical cyclones follow the observed historical distributions as discussed above. For each storm, we forecast wind-induced power outages in each census tract within the range of the storm. We repeat this process for 1600 simulated years, yielding a probabilistic estimate of the impact of tropical cyclones on power systems in the United States at the census tract level using the power outage model of Guikema et al. (2014) . The key physical hazard input to the power outage model is the estimated spatial wind field of a given hurricane. The impacts of surge, rainfall, and inland flooding are incorporated only indirectly; outages due to these causes were included in the training data, but the differences in surge, rainfall, and inland flooding between storms is not explicitly modeled. We have shown in other work that excluding explicit modeling of surge impacts does not substantially impact the accuracy of the power outage predictions (Guikema et al. 2012) . Figure 1 shows the impact for 1600 replicated years with impact measures of (1) the 100-year wind speed (the wind speed with an annual probability of exceedance of 0.01), (2) the probability of at least 10 % of customers losing power in a given year, and (3) the 100-year fraction of customers without power from a given storm, as assessed for each census tract individually.
These results show the estimated conditions under the historic state of tropical cyclone activity. We assume both a static population and a static power system (i.e. no upgrades or new technologies), so this level of impact represents the status quo. Some regions are expected to be more heavily impacted than others. The annual probability of at least 10 % of the population being without power is 0.21 when averaged across the census tracts in the state of Florida. In contrast, when averaged over the entire region evaluated, this probability is 0.06. As expected, our simulation shows that the tropical-cyclone-induced 100-year wind speed drops off sharply as you move inland. The fraction of customers without power tells a slightly different story. This calculation depends not only on wind speed and duration of high winds, but also on the population of each census tract. Tracts with very low populations can appear as discrepancies among neighboring tracts. Information regarding the number of customers without power, instead of the fraction without power, is easily obtained as well and may be most useful for those planning storm responses, but it is more difficult to visually see impact trends due population variability among tracts.
As one point of comparison, our estimated baseline 100-year wind speeds can be compared to standard design criteria wind speeds given by the American Society of Civil Engineers (ASCE) design manual, ASCE 7-10, that are based on historical data (ASCE 7-10). For hurricane-prone coastal areas, the simulation output matches well with the ASCE 7-10 100-year wind speeds. The 100-year wind speed for Houston, TX, for example, is only 1 % lower in our simulation output than in the ASCE design standard. Similarly, our estimated 100-year wind speed for Orlando, FL is about 2 % higher than in ASCE 7-10. Most areas of interest are within 10 % of the ASCE wind speeds, although some inland areas have larger deviations. The simulation has some inherent variability. This, along with the choice of the smoothed landfall probability distribution and the wind decay model used may account for some of the larger differences. However, this generally close match to independent estimates of 100-year wind speeds gives confidence that we are estimating the long-term wind environment well, at least in the baseline situation.
Potential climate impacts
If climate were to impact tropical cyclone intensity, strength, or track, the resulting impact would not be felt equally across the country. The regional effects also vary depending on the measure of interest. To model the effects of varying intensity, we simulated an additional 1600 hurricane years but multiplied the intensity of each generated storm by an intensity factor, k. We repeated this for k=0.8, 1.2, and 1.4, generating 1600 hurricane years for each k, to represent a reasonable range of changes in intensity as suggested by the literature. When looking at wind speeds, the effects of varying intensity are felt primarily in coastal areas. This can be seen in Fig. 2 , where the changes are seen primarily along the coasts. The biggest changes are in those areas that receive the most frequent hurricanes indicating that they are particularly sensitive to changes in hurricane intensity. The fraction of customers without Fig 1 Baseline impacts of (a) 100-year wind speed, (b) annual probability of at least 10 % of customers losing power, and (c) 100-year fraction of utility customers without power plotted for each census tract power, however, depends both on wind speed and storm size. Stronger storms are generally larger, and our simulations show the effects of storm size as the 'reach' of the stronger (or weaker) storms creates bands of increased (or decreased) impact. These are the areas on the margins of the impacted area and are areas of the country particularly sensitive to changes in hurricane intensity. Figure 3 shows this result, as, on average, the stronger storms impact areas further inland than in the baseline case. The areas that fall on the edge of the impacted area see the largest changes when the average storm intensity varies. This is of particular interest because may of these areas are farther inland and do not have a strong history of experience with hurricanes. Additional consideration of hurricane preparation planning may be appropriate in such areas.
To examine the effects of varying hurricane frequency, we simulated an additional 1600 hurricane years but substituted in a different value for λ, the mean number of tropical cyclones making landfall per year. We repeated this for λ=0.5, 1, 3, and 4, simulating 1600 hurricanes years for each, to represent a reasonable range of changes in frequency as suggested by the literature. A change in tropical cyclone frequency, as opposed to intensity, brings about changes of a different nature. The 100-year wind speeds change slightly, but not substantially. Extreme winds are driven by the strongest storms, not the frequency of more moderate storms. However, there is a more substantial impact on the annual probability of power outages, since more (or fewer) storms directly results in a larger (or smaller) probability of any given tract being impacted by a storm, and subsequently losing power. Figure 4 shows a comparison of these changes under different storm frequency conditions. The historical baseline is approximately 2 tropical cyclones making landfall in the U.S. per year (λ=2). An average change of just one storm per year (more or less) can change the annual probability of at least 10 % of the population without power by over 15 % in some census tracts.
Although there is less evidence to support shifts in tropical cyclone location as a result of climate change, there is speculation that the locations of tropical cyclogenesis may shift in a warmer climate (Dailey et al. 2009 ). It is worth assessing how such changes may impact the U.S., but the scientific understanding is too weak to confidently support direct simulation of specific scenarios. Instead, we examined the sensitivity to changes in landfall location by adjusting the smoothed historical spatial probability distribution of landfall locations to shift storms further north and south, and also to spread out or concentrate the distribution (see supplemental material for details). As expected, the areas hardest hit by tropical cyclones shift along with the shifting distributions, but our modified distributions are all based on the original distribution. This ensures that we still account for the geography of the coastline in determining landfall probabilities. Even with the modified distributions, some areas are still strongly impacted even when the probabilities of landfall are sharply reduced. For instance, Fig. 5 shows the change in the probability of at least 10 % of customers without power as the average landfall location distribution varies. We see that areas along both the Gulf Coast and southern Atlantic coast area particularly sensitive to changes in landfall locations, but in all scenarios we examined, the Florida peninsula continues to have a relatively high annual probability of at least 10 % of the population losing power. The changes in maximum wind speeds and fraction of customers without power follow similar patterns, but there is more local variability. We conducted additional analysis to compare the relative impacts of changes in frequency, intensity, and landfall location based on graphs of the empirical distribution of outages at the census tract level. The details of this process and the results are available in the supplemental material. The overall conclusion is that changes in storm intensity have a greater potential impact on the U.S. power system than changes in frequency or landfall location. The impacts, both in terms of customers without power and maximum wind speeds, grow substantially worse as storms get stronger, on average. Changes in frequency or landfall, on the other hand, show relatively tightly grouped overall impacts, although the changes do depend strongly on location. When evaluating the entire United States as a whole, intensity largely dictates the severity of the outcome. Thus, characterizing the nature of future climate impacts on storm intensity should be an important focus of future work.
Metropolitan area impacts
Changes at the national level provide insight into the overall impact of potential future changes in tropical cyclone activity and are useful for federal agencies. Local decision-makers, however, are more concerned with smaller areas of potential impact, and the simulation results can also provide information at a much higher resolution. We demonstrate this by examining the impacts at the scale of several metropolitan areas: Houston (TX), New Orleans (LA), Miami (FL), Washington (DC), and New York (NY).
As expected, the results depend strongly on location because some areas of the country are more prone to tropical storms and others are more sensitive to climate changes affecting tropical cyclones. Figure 6 shows the return periods for the fraction of customers without power for the selected metropolitan areas under different hurricane intensities, together with the average return periods for the entire coastal area. The Houston, New Orleans, and Miami metropolitan areas are heavily impacted even for scenarios of lower intensity storms. These cities sit in already hurricane-prone areas, and strong storms only increase the already significant impacts. On the other hand, Washington and New York behave very differently. Both have relatively low impacts for low intensity storms, but New York sees sharp increases in the fraction of customers out as storm intensity increases, whereas Washington has a small range across all scenarios. New York is highly sensitive to changes in storm intensity, much more so than Washington. The Washington area is relatively protected from changes in intensity by virtue of its more inland location. The severe effects of higher wind speeds from stronger storms will be felt primarily along the coasts, as shown previously in Fig. 2 . The resulting power outages have the potential to be widespread in many regions of the country. In addition, the difference between the 100-year and 50-year storm impacts is minimal, and this has strong implications for design and mitigation to withstand tropical cyclones and the potential effects of climate change. New Orleans, Miami, and New York all see greater than 90 % of customers without power for both the 50-and 100-year return periods.
We conducted additional analysis of the sensitivity of different regions to changes in frequency and landfall location, and we direct the reader to the supplementary material for the details. We find that shifts in landfall location will have strong regional effects. Increases in storm frequency will worsen the impacts in already hurricane-prone areas. However, in general, the strongest changes in tropical cyclone hazard are seen in the scenarios of high storm intensity. For most regions of the country, increases in storm intensity will result in the most severe damages, but frequent, milder damages could occur if the frequency of tropical storms increases.
Conclusion
Planning for future climate change is a difficult task due to the high degree of uncertainty about potential changes in tropical cyclone frequency, intensity and track. This paper examines a range of potential changes in tropical cyclone activity and quantifies how these changes could influence power outage risk. Tropical cyclones can cause substantial damage to power system infrastructure and can leave local utility companies and government agencies with high repair costs in the aftermath of a storm. Anticipating the nature of potential impacts allows for proactive mitigation against damage, reduced costs, and a more resilient power grid.
The scenarios assessed here were chosen to represent a range of plausible outcomes for a future affected by climate change and the resulting tropical cyclone impacts, but they are not tied to specific climate projections (i.e., they are not associated with a specific emissions scenario or GCM results). The range of results demonstrates the sensitivity of the U.S. power system to changes in storm behavior, and these impacts can be evaluated for small regional areas. Inland areas are generally more protected from the strongest impacts, but some areas may still see considerable changes in maximum wind speeds, power outage likelihood, and the number of customers losing power during a hurricane. A shift in landfall location could result in impacts to areas of the country with little experience in dealing with hurricanes. Coastal areas are particularly sensitive to increases in storm intensity. 100-year wind speeds are projected to increase by more than 50 % in some areas with a 20 % increase in storm intensity. The probability of customer power outages in a given area increases slightly, but the actual number of customers losing power would change more drastically as a result of stronger, and often larger, storms. A reduction in storm frequency, on the other hand, is projected to have a corresponding reduction in the likelihood of power outages. Future work remains, particularly in linking models such as this to specific climate scenarios, but the results presented here provide a starting point for improved climate adaptation, and the framework can be extended to explicitly link to specific climate scenarios.
